The action of bile salts upon the rat blood brain barrier (BBB) was assessed in the absence of en ergy-yielding metabolism. Brains were perfused in situ with a Ringer solution for 5 min followed by a I min perfusion containing either sodium deoxycholate (DOC), taurochenodeoxycholate (TCDC), or Ringer/DNP. The integrity of the BBB was then determined by perfusing with the radiotracer [14C]mannitol for 2.5 min. Alterna tively, the brains were perfusion fixed for ultrastructural assessment. At 0.2 mM DOC, the BBB remained intact and the cerebral ultrastructure was similar to the con trols. At I mM and above, disruption of the BBB became evident. At 2 mM, the cerebral cortex became severely vacuolated, with damaged endothelium and collapsed
capillaries. With TCDC, BBB disruption occurred at 0.2 mM without any apparent ultrastructural damage to the microvasculature. Following 2 mM TCDC, similar, but less widespread, structural changes to the 2 mM DOC perfused animals was apparent. Opening of the BBB oc curred at a concentration lower than that required to cause lysis of either red blood cells or cultured cerebral endothelial cells. It is proposed that the effect of bile salts at concentrations of 1.5 mM and above is largely due to their lytic action as strong detergents on endothelial cell membranes, but that at lower concentrations a more sub tle modification of the BBB occurs. Key Words: Bile salts-Blood-brain barrier-Brain perfusion-Perme ability-Ultrastructure.
opens the BBB and thus allows passage into the brain of therapeutic substances. To date, only lim ited success has been achieved by this controversial technique, which has been restricted primarily to the treatment of CNS neoplasms ( G reig, 1987; Neu welt and Barnett, 1989; Neuwelt and Dahlborg, 1989) . The technique is both invasive and disruptive and the effective period of opening is little more than 5 min (Co solo et aI., 1989; Neuwelt and Bar nett, 1989) , which, although reducing the risk of vasogenic oedema, provides little opportunity to deliver substances to the brain.
Although more physiological strategies for drug delivery are being sought (Kumagai et aI., 1987; Greer, 1988; Greig, 1989 ; Rubin et aI., 199 1) and may ultimately prove to be more acceptable meth ods of circumventing the BBB, methods for increas ing the permeability of the cerebral vascular bed continue to be investigated. Methods other than os-motic disruption of the blood-brain and blood tumour barriers have been suggested and include the use of etoposide (Spigelman et aI. , 1986) , Metro zol (Greig and Hellmann, 1983) , and interleukin-2 (Alexander et aI. , 1989) although few have been considered for use clinically. One of the techniques suggested is the administration of bile salts, which have been shown to disrupt the tight junctions of gut epithelium (Freel et aI. , 1983; Bleakman and Naftalin, 1990) and to open the BBB in the rat for periods of up to 3 days (Spigelman et aI., 1983) . A major problem associated with these compounds is that they may act as strong detergents in concen trations of 5 mM and above (Freel et aI. , 1983; Ar genzio et aI. , 1988) and result in the solubilisation of cell membranes. At lower concentrations, however, it has been suggested that the disruptive action may be the result of modification of tight junctions, stim ulation of vesicular transport or formation of trans cellular channels (Freel et aI. , 1983; Spigelman et aI. , 1983) , which would be less destructive and more suitable as a method of drug delivery. Spigel man et al. (1983) infused the bile salt dehydro cholate into the carotid artery of rats and reported BBB opening with no observable areas of infarction or haemorrhage, nor any histological sign of neuro nal injury or parenchymal damage. It was suggested that the process of opening may be different from any of the other reversible methods reported to date. In support of this, Freel et al. (1983) found that 4 mM taurochenodeoxycholate (TCDC) in creased the permeability of the gut epithelium to mannitol but that the permeability could be rapidly reversed by a 20 min wash. This suggested to the authors that disruption of the tight epithelial layer was not a consequence of lysed cells. More re cently, the permeability of the gut epithelium was dramatically increased following the administration of 2 mM sodium deoxycholate (DOC) (Bleakman and Naftalin, 1990) . This effect could be inhibited by the addition of 20 fLM cytochalasin D, which again suggested a mechanism of disruption other than by cell solubilisation.
The most likely mechanisms by which bile salts could act upon the BBB are by lytic destruction of the endothelial cells, by modification of the tight junctions, or by stimulation of vesicular transport and formation of transcellular channels (these last two are likely to be energy-requiring processes), or by any combination of these. By investigating the effect of low concentrations of the bile salts, DOC and TCDC, upon the energy-depleted BBB, it will be possible to ascertain whether bile salt disruption operates by a process dependent upon metabolic energy or not.
MATERIALS AND METHODS

In vitro experiments
Red blood cell haemolysis
The detergent and lytic properties of DOC and TCDC (Sigma Chemical Company, Dorset, U.K.) on cell mem branes were initially investigated by incubating with red blood cells (RBCs). Heparinized whole blood was col lected from anaesthetised male Wi star rats and duplicate 50 fLl aliquots dispensed into 2 ml of Ringer solution con taining the bile salts DOC and TCDC (0.25 to 2 mM). The solutions were thoroughly mixed and incubated at 37°C for 5 min, after which they were centrifuged, and I ml of supernatant was removed and added to I ml of Drabkin' s solution for the colourimetric determination of haemoly sis. Values were expressed as a percentage of maximum haemolysis, which was taken as the amount of haemoly sis achieved when 50 fLl of whole blood was incubated with distilled water.
Cultured cerebral capillary endothelial cells
Using the method of Hughes and co-workers (Hughes and Lantos, 1986; Abbott et aI., 1991) , cerebral hemi spheres were removed from 2-to 3-month-old female Lewis rats and meninges and white matter discarded. The grey matter was chopped into small fragments in Hanks balanced salt solution (HBSS, buffered to pH 7.3 with HEPES). The tissue was then digested for I h at 37°C in an enzyme mix of coliagenase/dispase (1 mg/ml) and DNAse (20 U/m!) followed by gentle trituration and cen trifugation in 25% bovine serum albumin in HBSS to sep arate the myelin. The pellet was resuspended and di gested for a further 3 h in the enzyme mix and capillary fragments were separated out by centrifugation on a pre formed Percoll gradient. The capillary layer was removed and added to a culture medium consisting of 80% HAMS F-IO, 16% bovine plasma-derived serum (PDS), 2 mM glutamine, 80 fLg/ml of heparin, 100 fLg/ml of penicillin and streptomycin, 75 fLg/ml of endothelial cell growth supplement (ECGS), and 0.5 fLg/ml of vitamin C. The capillary fragments were plated onto collagen-coated plastic 35 mm Petri dishes and incubated in 5% CO2 at 37"C. The cells were fed every 2-3 days. After 7-10 days, when the cells were approaching confluency, the culture medium was removed and replaced with HBSS contain ing either DOC or TCDC at a concentration of 1 or 2 mM. The time course of events was observed by inverse phase microscopy and the cells were photographed every 15 s up to 5 min.
Supravital brain perfusion experiments
Pretest perfusion
Adult Wi star rats weighing approximately 300 g were anaesthetised with pentobarbitone and prepared for per fusion as described previously (Greenwood et aI., 1985; Luthert et aI., 1987) . A filtered and warmed Ringer per fusate adjusted to physiological pH and containing 2,4dinitrophenol (RingerfDNP) was pumped at a rate of 25 mlfmin into the ascending aorta. The perfusion medium was not oxygenated and contained no glucose. The con fluence of sinuses and right atrium were opened to allow free efflux of perfusate and the descending aorta was li gated. The perfusate pressure measured from a side arm of the cannula was recorded throughout the perfusion. Animals were perfused with a pretest perfusate for 5 min, by which time ATP and phosphocreatine stores have been severely depleted (Greenwood et aI., 1988a) .
Quantitative assessment of barrier disruption
Immediately following the 5 min pretest perfusion, the perfusate was switched to one containing either DOC (0.2 mM, n = 4; 1 mM, n = 4; 2 mM, n = 4), TCDC (0.2 mM, n = 3; I mM, n = 3; 2 mM, n = 3; 4 mM, n = 3), or a control solution (n = 4) identical to the pretest perfusate. This was delivered via a Harvard pump at a rate of 25 mllmin through a side arm of the aortic cannula for a further minute. The solutions of bile salt were made up in Ringer/DNP, filtered, and pre warmed prior to use. Fol lowing this I min perfusion, the perfusate was once again switched to one containing [14C]mannitol (specific activ ity of 2.2 MBq/fLmol, Amersham International, Ayles bury, Bucks, U.K. at 0. 15 to 0.20 fLM) and 0.002% (w/v) Evans blue for 2.5 min. The experiments were terminated by a saline washout for 20 s to clear the vascular com partment of radiotracer. The brain was then rapidly re moved, frozen in hexane cooled on solid carbon dioxide, and duplicate samples of forebrain, cerebellum, and brain stem dissected and weighed into tared scintillation vials. Following standard preparation for scintillation counting, the radioactivity in tissue and quadruplicate samples of perfusate was measured on an automatic scin tillation counter. The ratio of radioactivity/g of tissue to radioactivity/ml of perfusate (R/Rp) was used as a mea sure of barrier integrity (Luthert et ai., 1987) .
Ultrastructural studies
After the 5 min pretest perfusion, a I min perfusion of either DOC (0.2 mM, n = 3; 2 mM, n = 3), TCDC (0.2 mM, n = 3; 2 mM, n = 3), or a control solution (n = 3) of Ringer/DNP was delivered in a manner similar to that described above. Immediately following the infusion of the bile salt or control solution, the perfusate was switched to one containing half strength Karnovsky's fix ative for 15 min. At the end of this period, the animals were decapitated and surface tissue removed from the skull, which was placed in fixative overnight at 4°C. Twenty-four hours later, the brains were carefully re moved from the skulls and 100 fLm vibratome sections taken at the level of the optic chiasm. These sections were then processed by conventional means for electron microscopy. Semithin I fLm sections were cut from ran domly selected areas of cerebral cortex and stained with toluidine blue for light microscopy and ultrathin sections were cut and stained with heavy metals and examined in an Hitachi H600 transmission electron microscope (Berk shire, U.K.). Every capillary profile from each section viewed was carefully studied for abnormalities and qual itative comparisons were made between the experimental groups.
RESULTS
E ff ect o f bile salts upon rat red blood cells
At bile salt concentrations of 0.25, 0.5, and 1 mM, there was no significant increase in the amount of haemolysis of RBCs due to either DOC or TCDC. At concentrations of 1.5 and 2 mM, haemolysis in creased significantly (p < 0.0002), approaching 100% for both DOC and TCDC (Table 1) . 
2.5 ± 0.7 2.2 ± 0.5 2.0 ± 0.2 9.6 ± 2.0 99.7 ± 6.3* 93.2 ± 10.0* % Haemolysis (±SD) of TCDC 1.9 ± 1.0 2.4 ± 1.2 1.4 ± 0.5 5.7 ± 6.3 80.0 ± 7.7* 83.3 ± 7.6* * Significantly different from control group (p < 0.0001).
Effect of bile salts upon cultured cerebral capillary endothelial cells
Following administration of 1 mM DOC or TCDC to the brain capillary endothelial (BCE) cell mono layer, there was no discernible effect upon the en dothelial cell appearance after 5 min of exposure. When the concentration of DOC and TCDC was increased to 2 mM, however, the cells began to lyse after approximately 20 s and by 1 min the cell mem brane was completely disrupted, with only the nu cleus appearing to be intact ( Fig. O .
Macroscopic appearance
Control brains were stained uniformly yellow with DNP except for areas known to lack a BBB where leakage of Evan's blue occurred. In animals perfused with 0.2 mM DOC and 0.2 mM TCDC, the brains were identical in appearance to the control animals. When the concentration of both bile salts was raised to 1 mM, the brain parenchyma had a faint blue/green colouration. This became more pro nounced in the 2 mM perfused animals, which also had dark staining of the major surface vessels from extravasated Evans blue. In the 4 mM TCDC group, the surface vessels were heavily stained but not the parenchyma.
Quantification of barrier disruption
The ratio R/Rp for controls did not differ signif icantly from previous studies (Greenwood et aI., 1988b (Greenwood et aI., , 1989 or from in vivo studies in which a steady circulating blood level of [ 14 C]mannitol was maintained for 2.5 min (Luthert et aI., 1987) . This confirms that the barrier does not open to mannitol under these perfusion conditions. With a DOC so lution of 0.2 mM, there was no significant increase in the R/Rp mannitol ratio. The ratio increased in all three areas studied when the concentration of DOC was raised to 1 mM, although only in the cerebrum was the increase significant (p < 0.05). At 2 mM, there was a further opening of the BBB, in partic ular in the cerebellum (p < 0.02) and cerebrum (p < 0.002). These results are shown in Fig. 2 . Values are means ± SD. Significant difference from contr�l:
The animals perfused with 0. 2 mM TCDC showed a significant increase in BBB permeability in all regions studied compared with control values (cerebrum and cerebellum, p < 0.005; brainstem, p < 0.0 1). With a TCDC concentration of I mM, there was no further significant increase in permeability, but with 2 mM TCDC, the BBB disruption was more pronounced (cerebrum and brainstem, p < 0.005; cerebellum, p < 0.000 1). When the concen tration of TCDC was increased to 4 mM, there was a decrease in BBB permeability when compared to the 2 mM perfused animals, although when com pared to controls there was still a significant disrup tion of the barrier (cerebrum and cerebellum, p < 0. 00 1; brainstem, p < 0. 05). These results are shown in Fig. 3 .
Cannula perfusate pressure
The mean maximum pressure of the perfusate measured from the cannula at a constant pump flow Values are means ± SD. Significant difference from contr�l: ap < 0.05; bp < 0.01 ; cp < 0.005; dp < 0.001 ; ep < 0.0001.
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In the control group, there was no significant in crease in cannula perfusate pressure during the in fusion protocol. During the 1 min DOC perfusions, the maximum pressure recorded increased signifi cantly from the pretest perfusion pressure only when a I mM solution was perfused (p < 0. 05).
With the TCDC perfusions, there was a graded in crease in pressure with increase in bile salt concen tration, the mean maximum treatment pressure with I mM TCDC being significantly greater than that prior to the bile salt infusion (p < 0. 05). At 2 mM, the pressure increased further (p < 0.005), with the largest increase found with the 4 mM perfusion (p < 0.0002).
Ultrastructural appearance of cerebral cortex
Toluidine blue sections (not shown) observed un der light microscopy showed normal structure of both the vasculature and parenchyma of the cere bral cortex for the control and the animals treated with 0. 2 mM bile salt. At 2 mM, the appearance varied from areas of apparently normal morphology through pericapillary oedema and small vacuolated areas surrounding vessels to large areas of severe vacuolation. In all sections studied, the structural changes were more severe in the 2 mM DOC group than in the 2 mM TCDC group. The ultrastructural appearance of the cerebral cortex following 6 min of perfusion with RingerlDNP is similar to that of con ventionally perfusion-fixed material (Fig. 4) as well as fixed tissue from previously reported supravital perfusion studies (Greenwood et aI., 1988a (Greenwood et aI., , 1989 . Following perfusion with 0.2 mM DOC or TCDC, there was no apparent alteration in the parenchyma (Fig. 5B) . The capillary endothelium also appeared 45.0 ± 2.0 49.0 ± 1.0a TCDC 2.0 (n = 3) 39.7 ± 7.2 69.7 ± 4.2 b TCDC 4.0 (n = 3) 40.0 ± 5.6 81.7 ± 1.5c
Significant difference from maximum pretreatment perfusion pressure: ap < 0.05; b p < 0.005; cp < 0.0005. essentially unaltered apart from what appeared to be an increase in luminal membrane activity such as the formation of pits and intraluminal microvilli es pecially in the TCDC group (Fig. 5A) . At a bile salt concentration of 2 mM, large areas of the cortex became vacuolated, with destruction of the capil lary luminal membrane (Fig. 5C ) and collapse of capillaries (Fig. 5D) . These changes were more pro nounced in the DOC group. Some areas, however, remained fairly well preserved (Fig. 6A) , with only minor alterations such as small areas of pericapil lary oedema (Fig. 6B) , large intraluminal microvilli, especially at junctions, and an apparent increase in darkening of the junctional complex with the occa sional absence of obvious fusion between the outer membranes (Fig. 6C ).
DISCUSSION
It is clear from these results that the BBB of the rat can be severely disrupted by the bile salts DOC and TCDC. The process is concentration dependent and does not require the presence of energy yielding metabolism. The extent of BBB opening was comparable with that achieved previously with hyperosmolar solutions under the same experimen tal conditions (Greenwood et aI., 1988b ). The con centration threshold required to induce a measur able increase in permeability was different for the two bile salts, being 0.2 mM with TCDC and 1 mM with DOC. Both of these concentrations, however, were below the levels required to cause lysis of cul tured BCE cells and RBCs that occurred at concen-trations of 1.5 mM and above. Although differences in the methods used for assaying cell lysis may give rise to some anomalies, these results strongly sug gest that, at bile salt concentrations below 1.5 mM, the opening of the BBB is operating by mechanisms other than by cell lysis. At concentrations above 1. 5 mM, however, the disruption of the BBB by these bile salts appears to be the result of cell lysis and cell membrane solu bilisation caused by the strong detergent action of these compounds. This is supported by the present findings, where concentrations of 1.5 mM and above caused severe damage to the cell membranes of RBCs (Table 1 ) and cultured BCE cells ( Fig. 1 ) and ultrastructurally to both the vascular endothe lium and to the parenchyma (Fig. 5C, 5D ). At lower concentrations, their action upon the microvascular bed appears to be more subtle. Despite a measur able increase in BBB permeability to e 4 C]mannitol following 0.2 mM TCDC perfusion, there was no haemolysis of RBCs or lysis of cultured BCE cells at this concentration. The ultrastructural appear ance of the perfused brains did not show any cell damage nor the formation of any obvious transcap ilIary pathways. The lack of any ultrastructural ev idence of a disrupted barrier, however, is not un precedented as considerable effort has been taken to demonstrate, with little success, the route of ex travasation of electron-dense markers following hy perosmolar and other forms of opening. Indeed, it has been suggested that if the mechanism of open ing is via the cellular junctions, the likelihood of sampling a complete open junction is small (Nagy et aI., 1979) . There was, however, an increase in the luminal membrane surface activity that manifested itself as an increase in the number of luminal mi crovilli, the appearance of luminal pits, and an in creased darkening in the junctional area. Such al terations may be the consequence of an increase in the fluidity of the plasma membrane brought about by the incorporation of bile salts into the lipid bi layer. It is conceivable, therefore, that at low con centrations, bile salts may affect the ability of the junctions between adjacent endothelial cells to fuse J Cereb Blood Flow Metab, Vol. 11, No.4, 1991 FIG. 6. Electron micrographs of (A) cere bral parenchyma following perfusion with 2 mM DOC with reasonable preservation of structu reo Bar = 10 fLm.
tightly together, causing parting of the two outer membranes (Fig. 6C ), a conclusion also reached by Orsmond (1990) for bile salt action on the junctions in nerve perineurium. It is unlikely that the increase in the R/Rp mannitol ratio produced by the 0.2 mM TCDC perfusion was due to small and infrequent punctate areas of structural damage, missed during the ultrastructural studies, as toluidine blue-stained sections investigated at the light microscope level failed to show such areas.
The threshold concentrations of DOC and TCDC found to alter BBB permeability is below the threshold concentration previously reported for lytic cell damage in the gut (Freel et aI., 1983) . This is possibly due to the protective nature of mucus secreted by the gut epithelium. Given the energy deprived state of the supravitally perfused vascular bed, it is most unlikely that disruption of the BBB by bile salts is mediated by an energy-requiring pro cess such as vesicular transport or channel forma tion, as suggested by Salcman (1983) .
In view of the present findings, it is questionable whether the concentrations used previously to open the BBB (Spigelman et aI., 1983 ) could be used with any degree of safety in a clinical situation. It is pos sible that the bile salt used by Spigelman et ai. (1983) , dehydrocholate, is a considerably weaker detergent than those used in the present study al though the concentrations they injected in 1 ml over 1 min into the internal carotid of rats were at con centrations in excess of 100 mM. Due to mixing with carotid blood, it is also difficult to predict the concentration finally presented to the microvascu lar bed particularly as bile salts are known to bind to plasma protein. Indeed, DOC and TCDC have been shown to bind to serum albumin in a ratio of 2: 1 (Rudman and Kendall, 1957) or even greater (Burke et aI., 197 1) . The ability of plasma proteins to bind to bile salts in vivo and reduce their detergent effect may also explain why no apparent histological dam age was reported by Spigelman et ai. (1983 Spigelman et ai. ( , 1986 .
Dehydrocholate may also have been chosen as it readily goes into solution at high concentrations without forming micelles, a phenomenon associated with DOC at concentrations above 2 mM.
The increase in perfusion pressure that occurred when the perfusate was switched from Ringer/DNP to the bile salt medium was directly related to the concentration of bile salt present. The most likely explanation of such increases in pressure would be occlusion of the cerebral capillaries caused either by debris being sloughed off the luminal membrane ( Fig. 5C, 5D ) and blocking the lumen or by the col lapse of the capillaries from severe oedema (Fig.   50 ). Although severe oedema of extracerebral tis sue (Luthert et aI., 1987) might be expected to cause increased perfusion pressure, this was prevented by breaching the confluence of sinuses, which allowed the perfusate to drain unrestricted from the cerebral vasculature. The occlusion produced with 4 mM TCDC was so severe that the pressure doubled and the amount of vascular perfusion dropped to the extent that the visual dye Evans blue and the quan titative marker e4C]mannitol failed to gain ready access to the parenchyma, resulting in reduced colouration and R/Rp ratios, respectively.
